The interaction of CO with a Ru field emitter surface was experimentally studied using field electron emissionll,2/ or field desorptionl31. In a recent investigation using pulse field desorption mass spectrometry (PFDMS) 14.51 the ionic species R U [ C O )~~+ (n=l-4) were observed. it was found that the influence of the electric field was to increase the intensities of the lower index R U ( C O )~~+ species, which is clearly shown in For small values of field strength, F, considerable ion intensities of RU(CO),~+ (n=2-4) were found, the RU(CO)~+, however, was missing in the mass spectra. With increasing F the R U ( C O )~~+ species intensity decreases and for F>7 Vlnm this species can not be detected any longer. In contrast to this behaviour increasing amounts of RU(CO)~+ were found. The RU(CO)~~+ ions also become slightly more abundant within the measured range of F values, whereas no change of the amount of R I J ( C O )~~+ was observed in strong electric field. The lack of detailed.theoretical explanation about adsorbed metal subcarbonyls is the motivation for our study. We recently presented a microscopic theory of field adsorption, in which the total energy of the adsorbing atom or molecule in interaction with the metal and subjected to an external electric field, determined selfconsistently, is calculated from first principles using a tight binding approach based on the ASED-MO methodfi-91. in this article, we will use this theory to investigate the formation of Ru subcarbonyls and its dependence on field strength. Article published online by EDP Sciences and available at http://dx.doi.org/10.1051/jphyscol:1989810
The atom-superposition and electron-delocalization methodll0l is used to calculate adsorption energies, equilibrium geometries and charge transfers of molecules adsorbed on metal surfaces in strong electric fields. On the basis of a charge-partitioning model one writes the total energy E as a sum of a repulsive term Er, that accounts for the Coulomb interaction of isolated atoms with each other, and aremainder Enpf, that entails the rearrangement within the atoms in the presence of each other. The latter is calculated from a Hamiltonian where in the spirit of an extended Hkkel scheme one puts the diagonal elements Hia,ia = -Eia equal to the negative of the ionization energy of level i on atom a, taken from experiment. The remaining offdiagonal elements are given by a modification of the extended Hkkel formula with SiaJb = <@ial@jb> the overlap integral between .the ith atomic orbital on atom a and the jth orbital on atom b, the latter being a distance Rab away. Fitting bond strengths and lengths to first -row diatomics, the parameters were determined to be k = 1.125 and c = 0.13 A-I.
To incorporate field-penetration effects in our cluster calculations we assume that the electric field has only a z component that, in addition, only depends on z. According to recent self-consistent calculations11 11 of the electric field at a (flat) jellium surface, the field has Friedel oscillations, decaying into the metal, and an exponential rise to the asymptotic constant value in vacuo. The additional potential of an electron located on z in the external field is expressed as where za are the positions of the nuclei. This zdependent electric field adds diagonal terms in the Hamiltonian that lead to the raising of the energy levels Eia in Hiatjb by the local field energy Vf(za) as done previously/6,7/. The off-diagonal elements between different atoms are proportional to the overlap.integrals between atomic orbitals on different atoms. They have been accounted for by modifying the hopping diagonal elements by again raising the energy levels by the field energy. The off-diagonal elements on the same atom lead to polarization effects. We have calculated the adsorption energies of carbon monoxides adsorbed on a top Ru atom above a cluster of 3 Ru atoms, simulating the (100) surface, as a function of the number of adsorbed carbon monoxides n and the field strength F. We have taken the local field variation from the jellium calculations by Gies and Gerhardts 'for a
Wigner-Seitz radius rs=2.0. In optimizting geometries. a ( 6~6 ) R 3 0~ surface structure is used to mimic the repulsion between carbon monoxides adsorbed on different top Ru atoms. We envisage the formation of Ru subcarbonyls to be a sequential process that starts with a CO molecule attaching itself to a Ru atom at a kink step site. After diffusion into the (100) terrace regions, formation of high index Ru(CO), species then occurs by successive addition of CO (or COad) to the respective precursor species. From the data in Table 1 , we can obtain the incremental adsorption energy Ead,nth. defined as associated with adding the nth CO to Ru(CO),-I species to form Ru(CO)~ species, as listed in Table 1 . It is found that with increasing field strength, Ead,lst increases and, in contrast, and Ead,Srd decrease, whereas decreases and, when F A Vlnm, Ead,4th<0. that is, the formation of Ru(CO)~ by adding a CO to Ru(CO)~ becomes endothermic. With increasing field strength, more electronic charge is transferred from the CO to the metal and the net charge on the oxygen atom, Qo, changes from negative to positive. which leads to a slight decrease of the angles Om between the Ru-C bond and the direction of the field, z. We also see a substantial decrease in the angle BCO between the C-0 bond and z. The Qc, Qo, €IRuC a d OCO for the optimized geometries of the Ru(CO)~ are shown in Fig. 3 .
3-Bayllts and diycUsslpns
In the absence of an electric field, adsorption of CO on a transition metal is caused predominantly by charge.
transfer from the CO 50 orbital to the metal and the mixing of the CO antibonding r' orbitals to the metal d-s band.
Moreover, there is a little mixing of the CO 50 orbital to the metal d-s band. In high electric fields, raising the energies of the atomic orbitals on the C and 0 atoms, the effect of the first term in eq. (3), results in increasing the charge transfer from the CO 50 orbital to the metal and decreasing the mixing of the CO z' and 50 orbitals to the metal d-s band. In addition, for the Ru(C0) species, the interaction between the z component of the dipole moments and the external field in the direction z, the effect of the second term of eq. (3), leads to an increase in the transfer of the CO 50 orbital to the metal and increasing the mixing of the CO 50 orbital to the metal d-s band, as shown in Table 2 . For the higher n Ru(CO), species, owing to the repulsion between the carbon monoxides adsorbed on the same top Ru atom, the Ru-C bonds and the C-0 bonds rotate more apart from the z axis, which, in high electric field, leads to a decrease in the difference of the potentid between different atoms in the electric field and the z component of the dipole moment of the Ru-C bonds and the C-0 bonds, implying weakening of the interaction between Ru(CO), species and the external electric field due to the first and the second terms of eq. (3) respectively. Listed in Table 2 are also the corresponding data for Ru(CO)~ species, showing a small, monotonic increase of charge transfer from the CO k orbital to the metal and a slight, monotonic decrease of the mixing of both the CO r' and k orbitals into the metal d-s band.
Due to the repulsion between carbon monoxides adsorbed on the same top Ru atom, the carbon monoxides displace as far as possible from each other, leading to a weakening of the interaction between the Ru(CO), species and the external electric field with rising index n. In strong electric fields, the net charge on the oxygen atoms changes from negative to positive, so that the Ru-C bonds and, especially, the C-0 bonds tend to rotate towards the direction of the electric field, which results in an Increase of the repulsion between the carbon monoxides, especially for the Ru-subcarbonyl with high index. Consequently, the adsorption energy in the process of adding the nth carbon monoxide decreases with rising n and, when F>4 Vlnm, Ead,4th becomes negative. In conclusion.
increasing the field strength is disadvantageous for the formation of the Ru-subcarbonyls Ru(CO),, with high index, in good agreement with experiment.
